Oscillatory movement displacement thresholds (OMDT) have been suggested as a test of neural integrity of the visual system, detecting deficit even in the presence of normal resolution. Both OMDT and visual resolution were measured in 153 normal children between the ages of 2.2 and 13 yr (mean = 6.2 +-2.8 yr). OMDT were obtained using a computer-generated vertical bar stimulus oscillating at 4 Hz. Visual acuity was determined using a Polymeric Vision Assessment techniqne (PVA) where a single letter optotype is presented at increasing viewing distance to determine threshold.
INTRODUCTION
Snellen recognition acuity became established as the principal clinical standard for visual assessment following its introductionin 1862.The techniquerelies heavily upon a patient'sreading abilityand problemsmay arise in assessingthe visual performance of those whose reading skills are not fully developed. Visual acuity may be defined in terms of the minimum object size (detection acuity), the minimum spatial separation of the elements of an object permitting them to be resolved (resolution acuity), the ability to identify an object (recognition acuity) or the acuity of spatial discrimination (localization acuity) (Riggs, 1965) .Although modifiedsubjective methods (e.g. picture, Landolt C and tumbling E charts) enable recognition acuities to be established in young children,their relationshipto clinical Snellen values may be ambiguous. Objective acuity assessments(e.g. Teller acuity cards, optokinetic nystagmus, visual evoked response) may be considered, but their comparison with recognitionacuity is problematicsince they are measures of detection or resolution acuity.
The development of visual acuity with age has been well documented.A numberof acuity card studies (VitalDurand, 1992; Schenk-Rootleibet al., 1992; Mayer et al., 1995; Salomao & Ventura, 1995) ,whose psychophysical procedures vary slightly, suggest that resolution acuity improves rapidly from birth with near adult levels being *Clinical Vision Research Unit, University of Bradford, Richmond
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achieved by about 4 yr of age (Mayer & Dobson, 1982) . More complex cognitive tasks, such as recognition acuity, have a more protracted developmental course (Salt et al., 1995) . Generally, visually evoked potentials (VEP) indicate acuity levels higher than those obtained by other methods (Dobson & Teller, 1978) with the suggestion that near-adult levels are attained within the first 12 months of life (Sokol & Dobson, 1976; Norcia & Tyler, 1985) .
Despite its widespread use, Snellen acuity has been criticizedfor presentingunequaland insufficientnumbers of letters at each acuity level, failing to measure acuity at 0.1 log intervals, and not using the Sloan letters (NRC-NAS, 1980) . The measurement technique used in this study, Polymeric Vision Assessment (PVA), sometimes referred to as "walk-up" recognition acuity, seeks to address these points by employing the procedure recommendedfor children and illiterate adults [i.e. using the letters H, O, V, T and X in a matching procedure; Lippmann (1969) ]. An equal number of letters are presented at intervals on a logarithmic scale.
Reduced visual acuity, which can be a product of optical, retinal, neural or cortical malfunction, provides no indicationas to the site of the vision loss. Techniques which seek to differentiate between neural dysfunction and optical degradation have a diagnostic value. The clinicaI potential of movement hyperacuities has been stressed in a number of studies. Such thresholds are adversely affected by amblyopia (Levi & KIein, 1992; Buckinghamet al., 1991) , optic neuritis , open angle glaucoma (Watkins & Buckingham, 3851 1992b),macular disease (Elliottet al., 1989) and diabetes mellitus (Watkins & Buckingham, 1992a) while being relatively robust to the effect of optical degradation (Bueno & Hurst, 1995; Whitaker & Buckingham, 1987) . Other hyperacuities, such as vernier acuity and bisection acuity, are also impervious to defocus , stereoacuity being the principal exception (Simpson, 1991) . These properties suggest that OMDT may be suitableas a clinical test of the neural integrityof the visual system, despite front-end refractive defects.
Both vernier and stereoscopic acuity have been examined in infancy and childhood [e.g. vernier acuity- Zanker et al. (1992) ; Shimojo & Held (1987) ; Manny (1988) ; Hopkisson et al. (1991) ; stereoscopic acuity-Braddick& Atkinson(1983); Birch et al. (1985) ; Fox et al. (1986) ].Differencesin developmentalrates are reflected in the age at which adult-like thresholds are reached with 5-8 year olds showing adult levels of vernier acuity (Zanker et al., 1992) . Some authors found that subjective stereoscopic thresholds are not yet fully developedat 3-5 yr of age (Fox et al., 1986) while others found adult-like thresholdscould be obtained by the age of 3 yr (Ciner et al., 1991) . A quite different course of developmentfor vernier acuity and visual resolutionhas been demonstrated (Levi & Carkeet, 1993) . The normal developmentof movement displacementhyperacuitiesin children has not received the same degree of attention.
The present work attempts to investigatethe development of oscillatory movement displacement thresholds (OMDT) for children between 2.5 and 13 yr. It also seeks to compare such development with that for a simple recognition acuity task.
Subjects
Children,
METHODSAND APPARATUS
ranging in age from 2 yr and 2 months to 13 yr and 4 months (mean age of 6 yr and 2 months 2 yr and 9 months), were recruited through schools, state nurseries and playgroups. One hundred and fiftythree completed binocular OMDT testing and 62 were also tested monocularly.One hundred and twenty of the children, from the youngest up to around 9 yr of age, were tested binocularly using the PVA technique described below and of these a further 65 were tested monocularly.For comparisonthe OMDT and PVA of 12 young adults (19-34 yr of age, mean age of 25 yr) were also measured.
OMDT measurementprocedure
For the determination of OMDT the subject viewed two CRT monitors controlled by a computer. Each monitordisplayeda vertical bar stimulus(2 min arc wide by 20 min arc high at the 3 m viewing distance). One of the bars (right or left at random) oscillated laterally in a sinusoidalmovement at 4 Hz. A staircase procedurewas WSed to determine thresholdusing an initial amplitudeof oscillation of 3 min arc. Displacement oscillation was altered in response to the detection of the moving stimulus in a forced-choice procedure with decreasing step size from 1 min arc to 1 sec arc over eight reversals, the final four reversal amplitudes being averaged to determine OMDT.
PVA measurementprocedure
Five letters (H, O, V, T and X) were available for presentationand while these are not all selected from the Sloan group, they meet the consideration of right-left confusion in children and are of equal legibility. For convenience,the letters were mounted on each side of a cube. One larger letter (0) was mountedon the other side and was used to encourage co-operation near threshold and ensure task understanding. The stimuli optotypes were of such a size that the limbs subtended30 sec arc at a distance of 3 m. PVA technique presents a series of single letter optotypes of constant size at a suprathresholddistance and then viewing distanceis increased in such a way as to decreasethe visual angle of the limbs of the letters on a logarithmic scale with 0.1 intervals until correct letter identificationscan no longer be made. Four letters at random were presented at each distance. The child was asked to either name the letter or match it on a keycard. PVA allows a presentation range of resolution angles restricted only by the length of the testing space available and the log scaling enables allowances to be made for letters missed or identifiedat different distances.
RESULTS
Thresholds for PVA and OMDT were transformed logarithmicallyto permit parametric analysis.
Development of OMDT
The scatterplot (Fig. 1) shows that younger children have poorer thresholdsand demonstrategreatervariance. The OMDT data were transformed logarithmically, linearizing the results and improving homogeneity of variance. Following analysis the results reported below have been back-transformedinto seconds of arc.
The 153 children and the 12 adults were divided into groups of approximately equal size and ANOVA was employed. The age and number and mean thresholds of the children falling into each group are shown in Table 1 . Analysisof variance of the transformedOMDT showsno significantdifference in variance between groups, while the overall effect of age is highly significant(F= 29.8, P < 0.0001). The mean OMDT for each group are presented in Fig. 2 (filled circles) . Thresholds can be seen to improveup to the age of 8-9 yr and thereafter are not significantlydifferent from the adult group.
Comparison of monocular and binocular OMDT. OMDT of 62 children in the nurseries and junior schools were measured both binocularly and monocularly. No significant difference between right and left eyes was found. Surprisingly,binocular OMDT were not found to be significantlybetter than those obtained monocularly (mean OMDT; binocular = 14.3 sec arc, monocular = 16.7 sec arc). The reasons for this will be discussed later.
Development of PVA thresholds
Binocular results were obtained from 120 children aged from 26 months to 98 months. The mean acuities (once transformed logarithmically)were examined using ANOVA. Mean thresholds for each group are shown in Table 2 . The effect of age is highly significant(F = 8.74, P c 0.00001). Transformed data show no significant difference in variance between groups. The data for each group are representedin Fig. 2 (open circles) . Thresholds demonstrate less change over the age range measured than do OMDT. Mean thresholdsfrom the age group 73-86 months do not vary significantlyfrom the adult group. Comparison of monocular and binocular PVA. PVA results were obtained both binocularly and monocularly from 68 children. There was no significant difference between right and left eyes but the mean binocular thresholds were significantlybetter than those obtained monocularly (mean PVA; binocular = 46.3 sec arc, monocular= 47.8 sec arc; t = 2.25, P < 0.05).
Comparisonof binocularOMDT and PVA results
One hundredand sixteenchildren completedbinocular testing of both OMDT and PVA. Clearly, from Fig. 2 the observed OMDT is a hyperacuity with respect to the measured PVA. Both measures are significantly influenced by the age of the child while OMDT clearly have a greater variance across the age range measured. The correlation between OMDT and PVA, though highly significantdue to the large sample group, is very weak (r= 0.45, P <0.001), indicating that children with good PVA thresholds did not necessarily perform well at OMDT (Fig. 3) .
DISCUSSION
Vernier acuity and OMDT have some similarities,both requiring the precise localization of a stimulus for the detection of a displacement necessary for a positive response. Indeed, the development of vernier acuity thresholds in children has been investigated using psychophysical procedures with a moving or jumping target to stimulate preferential looking responses (Shimojo et al., 1984; Zanker et al., 1992) .While it is difficult to obtain a clear picture of development of offset detection, due to differences in the experimental paradigms, such studies indicate that vernier acuity is worse than grating acuity at birth. The age at which vernier acuity becomes a hyperacuity, with respect to the measured grating acuity, is estimated to be between 4 and 12 months, indicating a more rapid developmentfor vernier acuity than that for grating resolution in early infancy. Vernier acuity then seems to follow a more protracted course of developmentthan does resolution. Zanker et al. (1992) examined vernier (localization) thresholdsin older children,noting that those from about 5 yr of age are comparable with adult values, while the developmentof the grating acuity function-aresolution measure+ccurs significantly earlier. Later studies suggest an even longer improvementperiod for vernier, with thresholds approaching half adult levels by the age of 4 yr, while resolutionreaches half its maximum at 2 yr of age (Carkeet et al., 1990) . As with other visual functions OMDT steadily improves with increasing age but attains near adult levels only at about 8-9 yr of agesomewhatlater than visual acuity or stereopsis (Mayer & Dobson, 1982; Fox et al., 1986) .Prior to this age even the best childhood thresholds are worse than mean adult values. It is of interestto note that our data also suggesta longer developmental time span for OMDT-another localization hyperacuity-than for PVA, a recognition measure. OMDT continue to improve in childhoodup to 8-9 yr, long after thresholdsfor PVA have reached their optimum in mid-childhood (around 6-7 yr). The mean PVA thresholds improve only 13% between 26 and 86 months, in comparison to a 56Y0improvement in mean OMDT. These data are in good agreement with developmentalpatterns reported for vernier acuity (Levi & Carkeet, 1993) .
A single letter produces better acuities than multiple presentation stimuli (Flom et al., 1963) and is likely to have contributed to the high levels of acuity obtained in the present work. While single letter stimuli without a crowding effect are open to criticism from a clinical perspective, the advantagesof applying a techniqueover the wide age-range for investigative research may outweigh such considerations. The similarities in the thresholds obtained between the adults and children suggest that children respond well to this form of visual assessment. The PVA technique may produce better results than those obtained by a standard clinical letter chart because it involves physical activity in young children. The child can readily understand the idea of getting closer to see better. Changing viewing distances acts as an indirectreward and childrenrespondwell to the challengeof the next distance. Nevertheless,even taking the above points into consideration,the visual resolution resultsare better than commonlyreported for the younger age range.
The present work demonstrates an improvement on binoculartestingof PVA, but no significantdifferencefor OMDT. It seems possiblethat the greater variance in the OMDT results masks the effect of binocular interaction despitethe large samplegroup.The significantdifference in the mean binocular and monocular PVA is very marginal, <2 sec arc, demonstrating that the standard deviationof the sampleswas narrow. It seems that either binocular summationis taking place for PVA or that cooperation levels were better for binocularly obtained results. The binocular results were always taken first, to most closely match the procedures in a clinical setting and also to ensuremaximumco-operationof the children. While the child may be more familiarwith the techniques on the second attempt the shorter attention span of children would be expected to counter the effect.
Visual function develops very rapidly in the first few years of life and continues to improve, albeit more slowly, for a substantialnumber of years (Boothe et al., 1985) .The physical limitationsof an immature anatomy are likely to play a role in limiting the demonstrated visual abilities although there is a great deal of speculation as to the precise site where the limitation occurs for any given function.There is controversy as to whether visual acuity, for example, is restricted as early in the visual pathway as the photoreceptor layer, or higher in the visual system.
If a function, such as OMDT, is demonstratedto be a hyperacuity then, by the definition of the term, the developmentof the retinal receptorsand mosaic need not be consideredas a possiblelimitingfactor. Although it is difficult to speculate on the relationship between developing anatomy and demonstrated visual abilities, it is noteworthy that neural changes in the visual cortex may continueuntil 11 yr of age (e.g. Huttenlocher& De Courten, 1987); a much longer time span than the progress of acuity. It seems plausible that the higher interpolation required at the striate cortex for the processing of hyperacuity tasks may at least in part be limitedby neuralfactors,reflectedby the later maturation of these thresholds.
Our results are in support of the wealth of evidence showing that the functions of visual acuity and of hyperacuitiesare very different. Although forced choice methods should help eliminate criterion dependence in both parts of the experiment,a comparisonof OMDT and visual acuity data shows some differencein the degree of scatter demonstrated. The finer judgments required to obtainthe hyperacuitythresholdscould be reflectedin the greater variance of the results. It would be expected that highly motivated children will perform better on both parts of the test than less motivated children and a reasonable correlation may be predicted. However, despite the fact that both PVA and OMDT showed improving thresholds with age the relationship between the variables is weak, illustrating the difficulty of attemptingto relate thresholdsof a hyperacuitytask with those of visual resolution.
Visual acuity is a valuable measure in ophthalmic assessment and is certainly the yardstick of clinical measurement. However, the difficulties associated with obtainingeven a singlereliablevisual resolutionmeasure from children are notoriousand there are well documented problems with many of the visual acuity tests currently in clinical use (Fern & Manny, 1986) . Use of the PVA technique has provided clinically viable results with the minimum of equipment in even quite young children.
Even when a successful measure of visual acuity can be made, this represents only the threshold of high contrast, high spatial frequency central vision. Using visual acuity as a sole measure of visual function may well fail to demonstrate the full extent of the problem. Measurement of the contrast sensitivity function, for example, provides a wider picture of an individual's visual abilities and is more related to performance in everyday life (Owsley & Sloan, 1987) . Contrast sensitivity measurement, however, is time consuming and used only rarely in a clinical setting. Measures of the spatio-temporal features of vision are even more rarely used clinically,although,as previouslystressed,they can provide valuable information for diagnosisand management.
OMDT have been shown to be degraded by neural disruptionin the visualpathway.Hyperacuitieshavebeen demonstratedto be significantlyreduced in childrenwith amblyopia (McGraw et al., 1993) and specifically, an OMDT deficit has been shown in children with juvenile onset insulin dependent diabetes prior to any clinical retinal signs (Buckingham et al., 1995) . The data presented here demonstrate that OMDT are easily obtained from children of a range of ages, while the properties of OMDT offer a basis for testing neural integrity in children.
